Abstract-In the epidemiological study on the health effects of participants in the United States Radiologic Technologists study, organ dosimetry was performed based on surveys and literature reviews. To convert dosimeter readings to organ doses, organ dose coefficients were adopted. However, the existing dose coefficients were derived from computational human phantoms with International Commission on Radiological Protection (ICRP) reference height and weight not accounting for the variation in body size. We first calculated preliminary body size-dependent organ dose coefficients using selected body sizedependent phantoms combined with Monte Carlo radiation transport method. We then tested the accuracy of these bodysize dependent coefficients against the ICRP 74 reference size coefficients in comparison with five individual-specific organ dose coefficients computed from computed tomography (CT) image-based anatomical models of five adult males with different body sizes also using Monte Carlo methods. The reference size dose coefficients overall underestimate the patient-specific dose coefficients by up to 51%. Body size-dependent phantoms overall provided more accurate organ dose coefficients for the five patients. In case of the esophagus, the dose underestimation of 51% in the comparison with the reference phantom was reduced to 7%. The results confirm that potential dosimetric misclassification caused by using reference size phantom-based dose coefficients can be resolved by using the body size-dependent dose coefficients.
I. INTRODUCTION
E PIDEMIOLOGICAL studies of cancer risk in populations exposed to radiation require individualized organ doses for each cohort member for accurate risk estimation [1] . However, it is often challenging to reconstruct individualized organ doses because radiation exposure events took place years ago and therefore limited data on radiation exposure for epidemiological cohorts are available at the time of dosimetry. Hence, most dose reconstruction studies for retrospective epidemiological studies rely on surveys, historical literature reviews, and reference dosimetry data.
In the epidemiological study at the National Cancer Institute on the health effects of United States Radiologic Technologists (USRT), organ dose reconstruction was performed based on dosimeter badge dose records and organ dose coefficients, converting dosimeter reading to organ absorbed dose [2] . The dose coefficients from the International Commission on Radiological Protection (ICRP) Publication 74 [3] were adopted, which were derived from reference size stylized computational human phantoms [4] combined with Monte Carlo radiation transport techniques. Although the ICRP 74 dose coefficients may reasonably estimate organ dose for cohort members with body size close to the reference size, it must be noted that body size may significantly affect internal organ dose in external radiation exposure scenarios because of the shielding effect from overlying adipose tissue surrounding the torso [5] - [8] . Without body size incorporated into dosimetry, organ dose to cohort members can be over-or under-estimated, which will consequently cause misclassification of organ dose in risk analysis.
After the introduction of the reference size stylized computational phantoms [4] , the format of phantoms has evolved through more realistic voxel format based on tomographic radiological images into flexible surface format [9] . Thanks to the flexibility of the surface-format (also called hybrid or boundary-representation) phantoms, the body shape of a reference size phantom can be modified to represent underor over-weight individuals. Several research groups have introduced a library of body size-dependent computational phantoms [9] - [12] including the phantom library developed in collaboration between the University of Florida and National Cancer Institute [11] . Computational human phantoms representing different body size have been used in computed U.S. Government work not protected by U.S. copyright. tomography (CT) dosimetry to better individualize organ dose estimates [6] - [8] , [13] . However, the phantoms with different body sizes have not been used for body size-specific dose assessment in occupational exposure scenarios.
In this paper, we explored the feasibility to reduce potential misclassification error in retrospective dose reconstruction studies by using the body size-dependent phantom library. We used the occupational exposure scenario of the USRT study as an example. We first calculated preliminary body size-dependent organ dose coefficients using selected body size-dependent phantoms. We then tested the accuracy of these body-size dependent coefficients against the ICRP 74 reference size coefficients in comparison with five individual-specific organ dose coefficients computed from CT images-based anatomical models of five adult males with different body sizes combined with Monte Carlo radiation transport methods.
II. METHODS

A. Body Size-Dependent Phantoms
To generate body size-dependent organ dose coefficients, we adopted the library of body size-dependent computational human phantoms [11] . The phantom library includes a total of 351 pediatric and adult phantoms with over a range of heights and weight. We selected the five adult male phantoms with the height of 175 cm and the weight of 60, 70, 80, 100, and 130 kg. We fixed height assuming that height would not have as much impact on organ dose for whole body external photon irradiation compared to weight variation. The original mesh format phantoms were voxelized into the voxel resolution of 0.1579 × 0.1579 × 0.2207 cm 3 , which provides the smallest voxels equivalent to the reference thickness of skin defined in the ICRP Publication 89 [14] .
B. Patient CT Data
To test the performance of dose coefficients from reference size phantom and the body size-dependent phantoms, we calculated organ dose coefficients from five adult male patients (considered ground truth), selected from the CT archive at the National Institutes of Health Clinical Center. The patients' average age was 58 years (28 to 72 years) with the average height of 176 cm (172 to 179 cm) and the weight of 60, 70, 80, 100, and 130 kg. We contoured the esophagus, heart, lungs, skeleton, and body contours by using the Eclipse (Varian Medical System Inc., Palo Alto, CA, USA) treatment planning system. The brush and interpolate function built in the Eclipse was used to help semi-automatic contouring of the organs and tissues. The organ and tissue models in polygon mesh format extracted from Eclipse were then processed in a 3-D modeling program, Rhino 5.0 (McNeel North America, Seattle, WA, USA) and ImageJ [15] to prepare the input files for Monte Carlo radiation transport. The voxel resolution of 0.2 × 0.2 × 0.4 cm 3 was used for all phantoms. Table I shows the mass of the lungs, esophagus, and heart of the five patients and five body size-dependent phantoms.
Prior to dose comparison, we also intended to test the hypothesis that there is significant correlation between the depth of organs from the body surface and the weight of patients, which is directly related to the next hypothesis that body size-dependent phantom can increase the accuracy in organ dose prediction for patients with different body size. To test the first hypothesis, the depth of esophagus from the frontal body surface at different level of vertebrae from the seventh cervical vertebrae (C7) down to gastro-esophageal (GE) junction was manually measured for the five patients in Eclipse.
C. Monte Carlo Organ Dose Calculations
A general-purpose Monte Carlo radiation transport code, MCNPX 2.7 [16] , was employed for calculating organ dose coefficients. We calculated radiation dose to the lungs, heart, and esophagus, three key organs of interest in the USRT study, in the antero-posterior (AP) irradiation geometry, which is most common in occupational exposure [2] and was assumed as the exposure geometry in the USRT cohort. Dose calculations were conducted for the five sets of body size-dependent phantoms and five patient models. Broad and parallel photon beam with the size of 100 × 200 cm 2 covering the whole body of the phantoms and patient models was simulated, which was also assumed in the previous dose assessment in the USRT cohort. Different from ICRP publication 74 [3] , where the kerma approximation was assumed, we followed secondary electrons in our dose calculations. Photon dose coefficients, which are the ratio of organ absorbed dose (Gy) to air kerma (Gy), were calculated for the lungs, heart, and esophagus for 24 mono photon energies (0.01-10 MeV). We confirmed that the relative error from Monte Carlo calculations was less than 1% for all three organs for the energy of photons greater than 0.1 MeV. The calculations were conducted using the computational resources of the NIH HPC Biowulf cluster (https://hpc.nih.gov).
III. RESULTS Fig. 1 shows the depth of the esophagus from the frontal body surface for the five patients with the weight of 60, 70, 80, 100, and 130 kg at different vertebral landmarks. We found a strong correlation between body weight and esophageal depth (R 2 = 0.869 at the level of T7). The depth for the 130 kg patient (15.0 cm) was about twofold greater than that of 60 kg patient (7.3 cm). Dose coefficients (Gy/Gy) for the five patients and five body size-dependent phantoms are tabulated in Tables III-V for the lungs, heart, and esophagus, respectively. Fig. 2 shows the comparison of dose coefficients for (a) lungs, (b) heart, and (c) esophagus between the patient models (solid lines) and the body size-dependent phantoms (dotted lines). Table II shows the comparison of the patient-specific doses (ground truth) calculated from the five patient models with the data from the reference size phantom (old method, ICRP 74) and body size-dependent phantoms (newly proposed method). The reference phantom-based dose coefficients overall underestimate the patient-specific organ dose by up to 51% (esophagus of the 130 kg patient). Greater underestimations of dose were found for patients with greater body weight: 7% for the 60 kg patient versus 51% for the 130 kg patient.
IV. DISCUSSION
We conducted the current study to test if our body sizedependent phantom library can be used to increase the dosimetric accuracy for the USRT study cohort members whose body size is available by comparing the body size-dependent dose coefficients with the old values based on the stylized phantoms with reference body size.
First, we investigated the correlation between the depth of the esophagus from the body surface and the esophageal dose in AP irradiation geometry. We confirmed that the results support the hypothesis that there is significant correlation between the depth of organs from the body surface and the weight of patients. Then, we calculated dose coefficients for the five patients and five size-matched phantoms. As expected from the relationship between the esophagus depth and body weight, the patients and phantoms with greater body weight showed low dose coefficients since photons would experience more attenuation while penetrating the thicker adipose layers in overweight bodies compared to underweight ones. Finally, from the comparison of dose difference between patient-to-ICRP 74 and patient-to-body size-dependent phantoms showed that body size-dependent phantoms overall provided more accurate organ dose coefficients for the five patients. In case of the esophagus, the dose difference of −51% for the comparison with the reference phantom to the ground truth dose was reduced to 7%. Dose agreement improved for the patients with greater weight, whereas smaller weighted patients did not show much improvement. It must be noted that as shown in Fig. 2 , the variation of dose coefficients by body weight decreases as the photon energy increases, which means the improvement in dosimetric accuracy by using body size-dependent phantoms would also relatively decrease at higher energies. Fig. 3 more clearly demonstrates the advantage of using body size-dependent dose coefficients against the reference phantom-based dose coefficients. The results confirm that potential dosimetric error and corresponding dose misclassification caused by the dose coefficients from the reference size phantom can be resolved by using the dose coefficients derived from body size-dependent computational human phantoms.
The authors are aware of some limitations of this paper. First, the sample size of patients is too small to clearly demonstrate the advantage of the body size-dependent dose coefficients. Second, although about 73% of the USRT cohort members is female, only male patients and phantoms were used in this paper. After confirming the feasibility of the new concept from the results of this paper, however, we are now expanding the dose comparison to include over 60 adult male and female patients.
V. CONCLUSION
We evaluated the feasibility of resolving the potential misclassification of organ dose caused by not accounting for body size in organ dose estimations. We confirmed that new organ dose coefficients derived from body size-dependent phantoms can more accurately estimate organ doses for patients with different body size. Following the preliminary dose coefficients calculated in this paper, we plan to establish more comprehensive sets of organ dose coefficients using the library of body size-dependent adult male and female phantoms. We then plan to update the previous organ dose data for the USRT study by using the new set of body size-dependent organ dose coefficients. Furthermore, the new dose coefficients can be utilized in other epidemiological studies of health effect in occupational radiation exposures, where the information about body size is available for cohort members.
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